A copper alloy consists of 2.6% Fe, 0.15% P and 0.2% Zn with modified grain size of 500 and 750 nm were studied on their rate of diffusion at different oxidation temperature using electron microscopic imaging technique. Different oxidation temperature contributed to the variation of copper oxide particle size, surface porosity level, particle agglomeration and particle nucleation. High oxidation temperature resulted in large oxide particles formation as well as high surface porosity. The magnitude of the copper oxide growth depended on the oxidation temperature. The increase in the oxidation rate at high oxidation temperature was likely a result of faster transport of the reactants through the bulk copper due to a significant contribution from grainboundary diffusion.
Introduction
Copper is one of the key materials used by many manufacturing industries due to its low cost factor, high thermal performance and has good electrical conductivity [1] . The key issue on the use of copper is the formation of copper oxide limiting the number of its functional application. There is a lot of research activities focused on the understanding of copper and copper oxide formation both technically and scientifically that lead to the development of oxidation-reaction theory [2] . Many experimental studies on copper oxidation have validated strong fundamental understanding about the motion of ions and electrons through copper oxide layer [3] . The copper oxide formation is attributed by two diffusion mechanism, i.e., the grain boundary diffusion and lattice diffusion [2, 4] . This kinetic of oxide diffusion, apart from temperature, can be attributed by the grain size distribution of the copper. Few reports figured out that small grain size copper has low oxidation resistance as compared to big grain size copper due to small grain size has larger grain boundaries which has high defect density promoting to higher diffusion rate of atoms [2, 5] .
In this paper, a copper alloy is subjected to two different annealing temperatures as to modify the grain size and their rate of diffusion is studied. The two copper samples are exposed to variation of elevated temperature up to 240 °C under normal air environment to expedite the oxidation process. The effect of grain boundary and thermal aging temperature are characterized using both scanning electron microscopy and transmission electron microscopy. The nano-structure derived from this analysis determines the diffusion mechanism of copper oxide.
Experimental
The copper used in this study was readily alloyed with 2.6% Fe, 0.15% P and 0.2% Zn and was sent for cold working and then annealed at 400 and 600 °C under controlled environment in order to get different copper grain size distribution. The grain size of samples were analyzed using the electron imaging techniques. The grain size was measured using (ASTM) E 112 standard [6] . There were at least five images that were captured to measure the copper grain size for each sample. The grain size measured were 500 and 750 nm for 400 and 600 °C respectively. The copper samples were sent for series of thermal aging under oxygen environment to promote the oxidation process. Once completed the thermal aging, the samples were selected based on the surface color change in reference to fresh sample. In this study copper with thermal aging of 150, 180, 210 and 240 °C and aging duration of 3 hours were selected for further electron imaging investigation. The imaging on copper oxide thickness was performed using high resolution transmission electron microscopy (HRTEM).
Result and Discussion
Effect of Temperature. The scanning electron imaging in Fig. 1 shows the nano structure of copper oxide that was thermally aged for 3 hours at different thermal aging temperature of 150, 180, 210 and 240 °C. The oxide formation at different oxidation temperature shows significant variation in terms of copper oxide particle size, surface porosity level, particle agglomeration and particle nucleation. At oxidation temperature of 150 °C, the surface starts to form oxide nucleation as indicated by small particle. At oxidation temperature of 180 °C, big size particles were clearly visible at few locations while at 210 °C, there was an agglomeration of bigger particles. At oxidation temperature of 240 °C, the big particles were clearly visible and surface is in high porosity. The trend of the variation of particles formation and particles size is explained. The copper oxidation involved the nucleation and growth of copper oxide [4] . At the early stage of the oxidation, oxygen surface diffusion could be the key mechanism in the nucleation and initial growth of copper oxides. First, the oxidation reaction of copper occurs at the surface where copper lose electron to form Cu ++ ions. Then, the electron from copper metal moves to the surface. The oxygen molecule and the copper electron react to form adsorbed oxygen (oxygen ion) on the surface. Effect of Grain Size. The effect of grain size to the diffusion kinetic of copper oxide was analyzed by scanning electron microscopy (SEM) focused on copper oxide surface. Fig. 2 shows the nanostructure of copper oxide obtained from 500 nm (left) and 750 nm (right) grain size samples. Both samples were sent for oxidation at 240 °C for 3 hours. General observation shows that 500 nm sample has rough surface texture, high surface porosity and has near spherical shape particle-like. The copper oxide particles tend to be in loose form and the size of particles was measured to be approximately around 80 nm. On the other hand, the 750 nm sample has relatively smooth surface texture and low surface porosity and the particle seems to be intact with each other with particle size was in between 60 and 85 nm. The agglomeration of nanoscale particles was evidently present with uniform distribution of particle size and a homogeneous morphology.
This result has brought an important point that the initial grain boundary prior to oxidation process influence the formation of the surface nano-structure of copper oxide. In comparison to 500 nm versus 750 nm initial grain size, it was expected that the 500 nm copper grain will produce thicker Cu 2 O layer due to faster oxidation rate through grain boundary diffusion. The effect of a reduction in the grain size on the oxidation behavior of copper is attributed to possible changes in the diffusion coefficients of the copper ions and oxygen through the metal. In this case, the 500 nm copper grain which has high grain boundary resulting to high diffusion coefficient due to the system having large amounts of high-diffusivity paths. The Growth of Copper Oxide. The growth of copper oxide on heat treated copper samples were investigated using bright field TEM imaging technique. Fig. 3 shows the TEM images of copper oxide growth. The copper oxide formation was observed and oxide thickness up to 10 points of measurement was measured on the copper samples with oxidation temperature of 150, 180 and 210 °C. A fresh copper sample was used as reference on oxide-free formation. Result shows that the formation of copper oxide thickness is temperature dependent and has different oxide growth rate at different oxidation temperature. At 150 °C oxidation temperature, the oxide thickness is 15 nm. However, at oxidation temperature of 180 °C, a significant increase in thickness up to 45 nm was observed, and at 210 °C, oxide thickness increases up to 83 nm. The different rate of oxide growth is depending on the activation energy required for diffusion process between copper and oxygen to form copper oxide.
The increase in the oxidation rate at higher oxidation temperature was a result of faster transport of the reactants through the bulk copper due to the significant contribution from grainboundary diffusion. The initial oxidation rate of copper is initially dominated by lattice diffusion especially at the early stage of oxidation [2] . Once the oxide grains was formed which was smaller than the initial grain of fresh sample, it will create higher formation of grain boundaries. As a results to this higher grain boundaries, oxidation process can diffuse across the copper much faster along the grain boundaries resulting in faster overall rates of oxide growth and tends to become significant at sufficiently high temperatures. Fig. 3 The growth of copper oxide at 150, 180 and 210 °C compared to a fresh sample. 
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Conclusion
Different oxidation temperature contributed to the variation of copper oxide particle size, surface porosity level, particle agglomeration and particle nucleation. High oxidation temperature resulted to large oxide particles formation as well as high surface porosity. The effect of a reduction in the grain size is attributed to possible changes in the values of diffusion coefficients of the copper ions and oxygen through the metal. The magnitude of the copper oxide growth is depended on the oxidation temperature. The increase in the oxidation rate at high oxidation temperature is likely a result of faster transport of the reactants through the bulk copper due to a significant contribution from grain-boundary diffusion.
